Magnetic microbubbles can be successfully retained near a vascular target and simultaneously imaged using conventional B-mode ultrasound. When further modified to carry a drug, they could enable significant enhancements in targeted drug delivery for applications such as sonothrombolysis, where stable cavitation has been shown to play a key role. However, the effect of the increased proximity of the microbubbles under the effect of the magnetic field on their acoustic response remains unknown. Passive Acoustic Mapping is a method that enables real-time spatiotemporal monitoring of cavitation dynamics in an arbitrary plane or volume within the field of view of the ultrasound probe, and classification of the type of cavitation activity on the basis of the spatial distribution of frequency-domain emissions. In the present work, PAM is used to investigate the effect of bubble proximity and flow rate on the type, sustainability, intensity and spatial distribution of cavitation activity observed for both magnetic and non-magnetic microbubbles excited by 0.5MHz therapeutic ultrasound in an in vitro flow model. It is hoped that this study will not only yield a new method for real-time monitoring of drug delivery using magnetically trapped microbubbles, but will also help elucidate complex bubble-bubble interactions in therapeutic ultrasound fields.
INTRODUCTION
Magnetic microbubbles can be successfully retained near a vascular target and simultaneously imaged using conventional B-mode ultrasound [1] . When further modified to carry a drug, they could enable significant enhancements in targeted drug delivery.
Ultrasound has been found to play a key role in enhancing thrombolysis, either by enhancing the delivery of recombinant tissue plasminogen activator (rt-PA) to the clot through stable cavitation [2] , or by causing direct mechanical clot disruption in the absence of a drug through inertial cavitation. Magnetic microbubbles could play a key role in either of those scenarios by enabling targeting of the cavitation activity and/or of the thrombolytic drug. However, the response of magnetic microbubbles to high amplitude therapeutic ultrasound pulses and the effects of the increased proximity of microbubbles under the influence of the magnetic field on their dynamics and hence acoustic response remain unknown.
Passive Acoustic Mapping (PAM) is a method that enables real-time spatiotemporal monitoring of cavitation dynamics in an arbitrary plane or volume within the field of view of the ultrasound probe, and classification of the type of cavitation activity on the basis of the spatial distribution of frequency-domain emissions. PAM was initially demonstrated in static agar phantoms [3] , while more recent work has used the technique to predict lesioning in ex vivo liver tissue [4] and to investigate the effects of flow on the activity of commercial microbubbles [5] . However, the flow velocities employed to date are an order of magnitude lower than may be encountered in the clinical setting [6] , and exposure durations are short compared to those relevant for applications such as sonothrombolysis [7] .
In the present work, PAM was used to investigate the effect of bubble proximity and flow rate on the type, sustainability, intensity and spatial distribution of cavitation activity observed for both magnetic and non-magnetic microbubbles excited by 0.5MHz therapeutic ultrasound in an in vitro flow model, at flow rates of up to 500mm/s which is in the range of reported mean flow velocities for the human middle cerebral artery at rest [6] .
MATERIALS AND METHODS

Experimental Setup
An overview of the experimental setup is given in Figure 1 below. Ultrasound was generated using a 500kHz HIFU transducer (model H-107B-10; Sonic Concepts, Inc., Bothell, WA, USA) with an outer diameter of 64mm, focal length 63mm, and featuring a 45x18mm rectangular cutout through which an imaging linear array probe (model L10-5; Zonare Medical Systems, Mountain View, CA, USA) with 128 elements, 7.14MHz centre frequency and 5MHz bandwidth was aligned. Driving waveforms were generated using a function generator (model 33250A; Agilent, Santa Clara, CA, USA) synchronised to the ultrasound imaging engine using a trigger output signal from the engine which was amplified using a pulser-receiver (model DPR300; JSR Ultrasonics, Pitsford, NY, USA). The engine was used to passively record 64 channels of acoustic emissions from every second element of the array (elements 2-64 and 65-127) during exposure. The driving signal was applied to the HIFU transducer via a 55dB power amplifier (model A300; Electronics and Innovation, Rochester, NY, USA) and impedance matching network supplied by the transducer manufacturer.
A 7% polyacrylamide tissue phantom was prepared by mixing 26mL of 40% acrylamide solution (Sigma Aldrich, Poole, Dorset, UK) with 15mL tris(hydroxymethyl)aminomethane buffer (Sigma Aldrich), 126mg of ammonium persulfate (Sigma Aldrich), and 107mL deionised water. The mixture was degassed at 0.1 bar for 10 minutes using a vacuum pump (model MZ 2; Vacuubrand, Wertheim, Germany) before measuring 75mL of the solution into a poly(methyl methacrylate) holder with a removable stainless steel mandrel and inner dimensions 40 x 40 x 74 mm. 75µL of tetramethylethylenediamine (TEMED; Sigma Aldrich) was then added to initiate polymerisation and the phantom allowed to set for at least 24 hours. Before commencing experiments, the top and sides of the phantom holder were removed, and the mandrel used as a pulse-echo target for alignment purposes before removal and connection to the flow loop.
Degassed, deionised water and microbubbles were maintained in solution using an overhead stirrer (model RW11; IKA, Staufen, Germany) at a low speed to avoid entraining gas, and drawn through the phantom by a variable-speed peristaltic pump (model Minipuls Evolution; Gilson, Middleton, WI, USA). The pump speed was calibrated to flow rate by measuring the flow into a measuring cylinder through the phantom and tubing system over the speed range of the pump (0.1-60 RPM), and corresponding average flow velocity in the phantom calculated based on the 1.6mm diameter of the channel. A single rectangular permanent magnet (N52 grade NdFeB, 10 x 10 x 25 mm; NeoTexx, Berlin, Germany) with transversal magnetisation 1.5 T was positioned above the flow channel for runs using magnetic microbubbles as required. Experiments were conducted in a 50 x 80 x 55cm Lucite tank filled with degassed, deionised water, which was maintained at 25°C using a thermostatic heater (model GD100; Grant Instruments, Cambridge, UK). 
Microbubble Preparation
Both non-magnetic and magnetic microbubbles were used in the experiments. The purpose of the study was to investigate the effects of flow and bubble proximity on cavitation activity, not to compare the performance of different types of bubbles directly. It was not necessary therefore to use microbubble suspensions with identical size distributions. Consequently, stable and readily available commercial polymer microspheres were used as nonmagnetic microbubbles, in addition to magnetic microbubbles which were produced in-house.
Non-magnetic microbubbles were prepared by mixing 10mg of Expancel (type 551 DE 20 d60) polymer microspheres (AkzoNobel, Sundsvall, Sweden) with 40mL deionised water. The microspheres were supplied in dry expanded form and have a manufacturer specified particle diameter of 18.0-28.0µm.
Magnetic microbubble preparation was based on the protocol of [8] . 15mg of L-α-phosphatidylcholine (Sigma Aldrich, Poole, Dorset, UK) was added to 15mL of deionised water. The phospholipid was dispersed by sonication for 30 seconds using an ultrasonic cell disruptor (3mm probe diameter, model XL2000; Misonix, Farmingdale, New York, USA) operating at 22.5 kHz and 8W RMS output power. The probe was raised and lowered from the liquid surface as to entrain gas. Following sonication the mixture was vigorously shaken manually for 30 seconds. An aliquot of 15µL of a suspension of 10nm magnetic nanoparticles in isoparaffin (Liquids Research, Bangor, UK) was then added to the mixture and the sonication procedure repeated. The magnetic bubbles produced by this method have a typical measured diameter range of 1-2µm [8] .
Experimental Protocol
The HIFU transducer and confocal Zonare array were aligned with the channel of the polyacrylamide flow phantom in a tank containing degassed, deionised water at 25°C. 200mL of degassed, deionised water was added to a beaker, which was stirred continuously using a low-speed overhead stirrer and pulled through the phantom by a peristaltic pump before being returned to the beaker. A quantity of the magnetic or non-magnetic microbubbles (1-15mL) or further degassed deionised water was added to the reservoir and allowed to pass through the flow loop for 2 minutes before commencing experiments. Between experimental runs the system was rinsed by flowing fresh degassed deionised water through the loop which was subsequently discarded.
25-cycle HIFU pulses at a pulse rate of 1-150Hz, or long tone bursts were applied at a range of peak negative focal pressures (0.1-3.7MPa) for 1-10 seconds. The Zonare frame rate was used to set the pulse repetition frequency by triggering the function generator while passively recording acoustic emissions. For 25-cycle pulses, a series of 15, 150, 300 or 450 frames were captured at a frame rate of 5, 50, 100 or 150Hz over 3 seconds. Long tone bursts were captured at a frame rate of 50Hz over 5-10 seconds. Following experiments the in-phase and quadrature data recorded by the Zonare were upmodulated to radio frequency and comb filtered in the frequency domain with a comb width of 300kHz to separate the harmonic (multiples of the 0.5MHz HIFU excitation frequency) and broadband components, before being processed using a passive beamforming algorithm as described below.
Passive Acoustic Mapping
Sixty-four channels of acoustic emissions were captured from every other element of the Zonare array (elements 2-64 and 65-127) at a sampling frequency of 50MHz. Cavitation activity was characterised by the source strength calculated using the method described by [9, 10] . Briefly, a bubble located at r with a source strength of q(r,t) generates a pressure at location rʹ and time t given by: Where ρ 0 is the undisturbed density of the medium (set to 1020 kg m -3 ). Passive maps of 41 x 51 pixels were produced using this method over a region of interest of 50-90mm axial and ±5mm transverse dimensions from the midpoint of the array, corresponding to a pixel size of 1 x 0.2mm. As per [9] the transverse and axial resolutions of the maps at a distance z and effective aperture size of the array D may be estimated using:
Where f # =z /D, and λ is the mean wavelength of the source. For a source at the 7.14MHz centre frequency of the array, at the focal distance of 73mm and effective aperture 38mm the corresponding estimated transverse and axial resolutions are 0.36mm and 5mm respectively.
The resulting passive maps may be presented in various ways. In this case, cumulative sum maps over the duration of each exposure were used to analyse the intensity and spatial distribution of activity, with the split of broadband and harmonic components being used to indicate the type of cavitation. In addition, maps of the line of pixels perpendicular to the HIFU transducer at its focal distance over time were used as measures of the evolution and sustainability of cavitation activity.
RESULTS AND DISCUSSION
Long Tone Bursts -Nonmagnetic Microbubbles
Examples of passive maps for nonmagnetic microbubbles under long tone burst excitation are shown in Figure 2 . At low pressures and flow rates, intermittent low magnitude emissions were recorded, as shown by the low intensity in the cumulative sum map in part (a), and occasional bursts of activity in the time-domain signal at the focal distance in part (b). At higher flow rates and pressures the magnitude of activity was increased and exhibited greater transverse spread, as in parts (c) and (d). Figure 3 shows the effects of flow rate and focal pressure over a range of values on the focal intensity and region of maximum intensity in the cumulative broadband sum maps. Parts (a) and (c) show that increasing either flow rate or pressure had the effect of increasing the focal intensity, while part (b) shows the shift towards the inlet side lobe in the area of maximum intensity at the focal depth which was observed at higher pressures.
These results are qualitatively consistent with previous studies, which found an increasing shift upstream in the spatial distribution of cavitation activity with pressure, with greater activity in the inlet-side side lobe of the HIFU field at the highest pressures, suggesting that microbubbles were destroyed upstream before reaching the focal region [5] . However, as shown in Figure 2 (b), 2(d), and 3(b), significant variability in the location of cavitation activity in the transverse direction was observed between and within experimental runs, to a greater extent than was seen using lipid microbubbles (Figures 4 and 5) . This may be due to the Expancel nonmagnetic microbubbles having relatively large size and high buoyancy, causing passive accumulation within the phantom, resulting in the bubble population interacting with the HIFU field over a larger area and reducing the effect of flow, particularly at low velocities. 
Long Tone Bursts -Magnetic Microbubbles
Example passive maps for magnetic microbubbles under long tone burst excitation in the presence of a magnetic field are shown in Figure 4 . At low flow rates, intermittent low magnitude emissions were recorded at the beginning of the pulse, which were sustained for a longer period at higher flow rates. The emissions recorded for magnetic microbubbles were qualitatively "cleaner" than Expancel, with cavitation activity confined to a smaller region in the cumulative sum maps, but were relatively low in amplitude under these conditions (possibly due to insufficient bubble concentration) and may be impacted by reflections from the surface of the magnet which was positioned close to the HIFU focal region. 
Short Pulses -Magnetic Microbubbles
Example passive maps for magnetic microbubbles under short (25 cycle) pulse excitation in the presence of a magnetic field are shown in Figure 5 . Intensity of cavitation at the focal point increased with PRF below a critical value PRF crit (70Hz), but was reduced when PRF was increased further due to incomplete replenishment of microbubbles. As with long tone burst excitation the emissions recorded for the magnetic microbubbles were qualitatively "cleaner" than Expancel, with activity generally being confined to a narrow area in the maps of the focal row over time.
FIGURE 5.
Example cumulative sum maps for the region of interest (top) and the line at the HIFU focal distance (73mm depth) over time (bottom) for magnetic microbubbles with a magnet placed above the flow channel, at 1.9MPa and 250mm/sec flow velocity. In each subfigure maps of broadband and harmonic components are presented separately. Colourbars represent estimated source energy. Increasing PRF below PRF crit (70Hz) resulted in increased cavitation activity over a smaller area. Above PRF crit cavitation activity was sporadic and reduced in magnitude (a,b) 5Hz PRF (c,d) 50Hz PRF (e,f) 100Hz PRF. Figure 6 shows initial results for the effects of flow rate and PRF over a range of values on the focal intensity in the cumulative sum maps, which shows a similar trend at 50mm/sec and 250mm/sec flow rates. 
